
Am. J. Hum. Genet. 59:368-376, 1996

The Retrieval of Ancient Human DNA Sequences

Oliva Handt,' Matthias Krings,' R. H. Ward,2 and Svante Paabo'

'Zoological Institute, University of Munich, Munich; and 2Eccles Institute of Human Genetics, University of Utah, Salt Lake City

Summary

DNA was extracted from '-600-year-old human re-
mains found at an archaeological site in the southwest-
ern United States, and mtDNA fragments were amplified
by PCR. When these fragments were sequenced directly,
multiple sequences seemed to be present. From three
representative individuals, DNA fragments of different
lengths were quantified and short overlapping amplifi-
cation products cloned. When amplifications started
from <40 molecules, clones contained several different
sequences. In contrast, when they were initiated by a
few thousand molecules, unambiguous and reproducible
results were achieved. These results show that more ex-
perimental work than is often applied is necessary to
ensure that DNA sequences amplified from ancient hu-
man remains are authentic. In particular, quantitation
of the numbers of amplifiable molecules is a useful tool
to determine the role of contaminating contemporary
molecules and PCR errors in amplifications from an-
cient DNA.

Introduction

In general, inferences about population history are
drawn from studies of genetic diversity in contemporary
populations. However, the retrieval of ancient DNA
from archaeological remains holds the promise to add
a temporal component to such studies. With the inven-
tion of PCR (Saiki et al. 1985; Mullis and Faloona
1987), it became possible, in principle, to study ancient
DNA sequences (Paabo et al. 1989). However, most of
the successes have come from the elucidation of phyloge-
netic relationships of extinct animals (e.g., Thomas et
al. 1989; Cooper et al. 1992; Hoss et al. 1996a), whereas
results in other areas have remained controversial (Si-
dow et al. 1991; Lindahl 1993) or difficult to authenti-
cate. This is the situation, for example, for the retrieval
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of DNA sequences from ancient human remains (Rich-
ards et al. 1995).
We have analyzed a number of mummified human

remains from the southwestern United States in order
to elucidate the extent to which they yield endogenous,
ancient DNA that can be amplified by PCR. The results
show that, even when amplification products are
achieved, DNA sequences often cannot be reconstructed
reliably. Various experimental approaches to remedy
this problem are suggested.

Material and Methods

Samples
Ten mummies from the Ventana Cave (VC), Castle

Mountains, Arizona, were investigated (Arizona State
Museum, Tucson, burial numbers 3 [0-495], 5, 6 [0-
513], 9 [0-499], 11 [0-497], 15A, 16, 24 [0-4841, 25,
29). They are attributed to a Hohokam cultural horizon
(A.D. 1000-1400) on the basis of archaeological con-
text. From each individual, three to four independent
tissue samples were removed, when possible from inter-
nal parts of the bodies.

Prevention of Contamination
DNA extractions and setting up of PCR reactions

were carried out in a laboratory dedicated to ancient
DNA work in which disposable lab coats, face shields,
and gloves were used by all personnel. Benches and
equipment were frequently treated with bleach and the
work areas irradiated by UV light for several hours
nightly. Two sets of pipettes, one for PCR reagents and
one for DNA extracts, were used with filter tips. All
PCR reagents were separated into aliquots. Wherever
possible, disposable laboratory ware was used. Nondis-
posable vessel or glassware was treated with 1 N HCO
and rinsed with double-distilled (dd) water before use.

DNA Extraction
Twenty to 70 mg of mummified tissue were cut into

small pieces with a sterile scalpel, and nucleic acids were
isolated. In initial experiments, proteinase K digestion
followed by phenol:chloroform extraction was used.
However, since these extracts inhibited the Taq poly-
merase, a silica-based protocol was applied (Hoss and
Paabo 1993). In brief, samples were incubated in 1,000
gl 5 M guanidinium thiocyanate, 0.1 M Tris HCI (pH
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Table 1

Primer Sequences and Lengths of the Amplification Products (Including Primers)

Length
Primer Sequence (bp)

Control region L16055 5'-GAAGCAGAT-ITGGGTACCAC-3' 123
H16139 5'-TACTACAGGTGGTCAAGTAT-3'

Control region L16131 5'-CACCATGAATATTGTACGGT-3' 126
H16218 5'-TGTGTGATAGTTGAGGGTTG-3'

Control region L16209 5'-CCATGCTTACAAGCAAGT-3' 131
H16303 5'-TGGCTlTATGTACTATGTAC-3'

Control region L16287 5'-CACTAGGATACCAACAAACC-3' 108
H16356 5'-GTCATCCATGGGGACGAGAA-3'

Control region L16347 5'-CGTACATAGCACATTACAGT-3' 102
H16410 5'-GCGGGATATTGATl-TCACGG-3'

9-bp deletion L8196 5'-ACAGTTTCATGCCCATCGTC-3' 112a
H8297 5'-ATGCTAAGTTAGCTITTACAG-3'

HaeIII site L635 5'-TGAAAATGTITITAGACGGCCTCACATC-3' 89
H677 5'-GCATGTGTAATCTTACTAAGAG-3'

AluI site L5127 5'-ACTACCGCATTCCTACTACTCA-3' 106
H5189 5'-GGGTGGATGGAATTAAGGGTGT-3'

HincII site L13257 5'-AATCGTAGCCTITCTCCACTITCA-3' 75
H13290 5'-GCTAGGTGTGGTTGGTTGATG-3'

NoTE.-The numbers give the 3'-ends of the primers according to Anderson et al. (1981). L and H refer
to the light and the heavy strands, respectively.

a The size of the product when no deletion is present is 121 bp.

7.4), 0.02 M EDTA, and 1.3% Triton X-100 overnight
at room temperature. Subsequently, solid tissue remains
were pelleted by centrifugation, supernatants were
added to 40 pl1 silica suspension, and nucleic acids were
isolated and eluted in two aliquots of 65 p1 ddH2O at
56°C and stored at -20°C. Two blank extractions con-
taining all reagents but no tissue were included in every
set of extractions.

PCR
Hot-start PCR was carried out such that, before the

initial denaturation, a barrier of wax (BDH) separated
a lower reaction mixture of 20 jul (67mM Tris [pH 8.8],
2 mM MgCl2, 80 pg BSA, 0.5 ,uM of each primer, 0.14
mM each of dATP, dCTP, dGTP, dUTP) from an upper
mixture of 20 jgl (67 mM Tris [pH 8.8], 2 mM MgCI2,
0.75 U Taq Polymerase [Perkin-Elmer], and 2-8 pl of
DNA extract). Forty cycles of PCR (50 s at 92°C, 50 s
at relevant annealing temperature, and 50 s at 72°C)
were carried out on a DNA Thermal Cycler (Perkin
Elmer Cetus). Table 1 gives the primers used. Each series
of PCR included two blank extraction controls and a
negative PCR control. Amplification products were ana-
lyzed by electrophoresis in 2.8%-5% agarose gels.

Quantitation
To determine the number of template molecules in

DNA extracts, a molecule of 308 bp was constructed,
encompassing positions 16190 to 16517 in the human

mitochondrial control region (Anderson et al. 1981) but
with bases 16210 to 16231 (22 bp) deleted (Forster
1994). This molecule was cloned into a TA vector (In-
vitrogen), and the concentration of the purified con-
struct was determined by optical density at 260/280 nm.
A series of fivefold dilution steps down to an estimated
number of three construct copies/5 ,l was prepared. In
order to determine the approximate number of template
molecules in an extract, a hot-start PCR was performed
with three to six consecutive dilution steps of the stan-
dard, to which a constant amount of extract (2 ,l for
the Ice Man and VC15A and 5 pl for VC16 and VC25)
had been added. To quantitate template molecules of
different lengths, primer L16209 (table 1) was used with
primers H16271 (5'-GTGGGTAGG IIl GTTGGTAT-
CCTA-3', 81 bp/103 bp), H16303 (table 1, 109 bp/131
bp), or H16410 (table 1, 216 bp/238 bp). Numbers in
parentheses refer to lengths of PCR products from the
competitor constructs and the mtDNA templates, re-
spectively.
Cloning and Sequencing

Either PCR products were sequenced directly (Bach-
mann et al. 1990) or 1-4 ,l of amplification products
were ligated into a vector (TA vector) and cloned in
CJ236 (Kunkel 1985). Clones for the control region se-
quences were screened for the presence of inserts with
oligonucleotides H16095 (5'-GTGGCTGGCAGTAAT-
GTACG-3',57°C), H16139 (table 1, 51°C), L16228 (5'-
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Table 2

Quantitation of mtDNA Fragments in Extracts of VC15A, VC16,
Two Samples of VC25 (1 and 3), and the Ice Man

103 bp 131 bp 189 bp 238 bp

VC15A (.41 mg) 1,000 ND ND 8
VC16 (.17mg) 8 5 ND ND
VC25-1 (.25 mg) 2 0 ND ND
VC25-3 (.25 mg) 3 0 ND ND
Ice Man (.56 mg) 1,000 ND 5 ND

NoTE.-The nos. of amplifiable DNA molecules/pl extract are
given for products of different lengths. The amounts of tissue that
have been added per microliter of extract are given in parentheses.
"ND" indicates that quantitations have not been performed.

TACAGCAATCAACCCTCAAC-3', 530C), L16313
(5'-CCCTTAACAGTACATAGTAC-3', 510C), and
H16356 (table 1, 570C), respectively. Miniprep plasmid
purifications were carried out as described by Sambrook
et al. (1989) and were sequenced by the dideoxy chain-
termination method (Sanger et al. 1977) using Seque-
nase (USB), a_-33P-dATP, and primers T7PBS (5'-AA-
TACGACTCACTATAG-3') and SP6 (5'-ATTTAGGT-
GACACTATAG-3'). Reactions were separated on a 6%
denaturing polyacrylamide gel and visualized by autora-
diography.

Restriction Site and Deletion Analyses
Hot-start PCR was carried out with primers ampli-

fying fragments of 75-121 bp (table 1). PCR products
were sequenced either directly or from a minimum of
three clones. The 9-bp deletion was amplified with prim-
ers L8196/H8297 and analyzed by electrophoresis in a
2.8% agarose gel. These products were not sequenced
in every case.

Results

Nucleic acids were extracted from samples of 10
mummies from VC, Castle Mountains, Arizona. This
site is attributed to the Hohokam culture and dated to
1000-1400 A.D. Mitochondrial control region se-
quences <250 bp were amplified by PCR from multiple
aliquots of the extracts, and the products were analyzed
by ethidium-stained agarose gels. One individual
(VC15A) showed strong bands in all amplifications at-
tempted, whereas extracts from six individuals yielded
much weaker amplification products after 40 cycles of
PCR. For three individuals, some amplifications yielded
no products, whereas others resulted in very weak
bands. Direct sequencing of the amplification products
often revealed several positions at which more than one
base seemed to exist (not shown). Thus, by a straightfor-

ward approach it was impossible to determine unambig-
uous DNA sequences from these remains.

Further analyses concentrated on the remains of three
individuals that represent each of the groups of samples:
one individual who consistently yielded strong amplifi-
cation products (VC15A), one who consistently yielded
weak bands (VC16), and a third who only sporadically
yielded weak amplification products (VC25).

DNA Quantitation
The numbers of amplifiable human DNA molecules

present in the extracts were determined by a competitive
PCR assay (table 2). Extracts were quantitated for frag-
ments of length 103 bp as well as for the longest frag-
ment that was possible to amplify. An extract from
mummy VC15A contained -1,000 molecules/gl of ex-
tract of the 103-bp fragment. The longest amplification
product achieved was 238 bp. However, only 8 mole-
cules/pl of extract-that is, in the order of single mole-
cules-of these longer molecules were present. An ex-
tract of VC16 contained approximately eight copies of
the 103-bp fragment per microliter of extract, and the
longest product achieved was 131 bp, of which equally
few copies were present. From VC25, finally, several
attempts were necessary in order to achieve amplifica-
tions of the 103-bp fragment, and in the order of single
molecules (2-3 molecules/gl) of this length were present
in two extracts from different tissue samples. When 8
p1 of the extracts were used, amplification of fragments
of 131 bp was occasionally possible. However, because
of the limited amounts of extract, the larger fragments
could not be quantitated for VC25. For comparison,
extracts of the so-called Ice Man were analyzed in a
similar fashion. Here, the situation is reminiscent of
VC15A, in that 1,000 molecules/,l of extract were
present for the 103-bp fragment (fig. 1), whereas 1
molecule/gl of extract of a 189-bp fragment was present
(Handt et al. 1994b). Thus, the mummy VC1SA as well
as the Ice Man contain -2,000 mitochondrial molecules

1 2 3 4 5 6 7

103 bp
81bp

Figure 1 Quantitation of a 103-bp-long mtDNA fragment in
an extract from the Ice Man. A dilution series of a competitor template
22 bp shorter was added to a constant amount of extract. Ten percent
of the amplification products was separated in a 2%BRLJ3%NuSieve
agarose gel. The figure shows the amplification products to which
9,500 (lane 1), 1,900 (lane 2), 380 (lane 3), and 76 (lane 4) construct
molecules have been added to the PCR. Lanes 5-7 show the results
for the extract only, the extraction control, and the mock PCR control.
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Figure 3 DNA sequences from VC16. Five overlapping frag-
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Figure 4 DNA sequences from VC25. Sequences from the first
extract was determined for three overlapping fragments, and from the
second extract for five overlapping fragments. Sequences for the other
two extracts were determined for three fragments.

carried any of the five substitutions previously found.
Rather, three other positions showed substitutions in all
clones (position 16111, C to T; position 16189, T to

C; position 16256, C to T), and five positions carried
substitutions that occurred in more than one, but not all
clones (position 16092, 4 clones C, 1 clone T; position
16164, 4 clones G, 1 clone A; position 16193, deletion
in two of five clones; insertion of a C after position
16193 in two of five clones; position 16320, 2 clones
T, 2 clones C). In addition, nine substitutions occurred
in single clones. In an attempt to clarify the situation,
further PCR products of a length s126 bp were cloned
and sequenced from two additional extracts. From
these, a total of 26 clones were sequenced and found to

differ from the two extracts analyzed previously, as well
as from each other, and within one of the extracts. Con-
sequently, it was not possible to determine an unambigu-
ous mitochondrial control region sequence for individ-
ual VC25.

Restriction Sites and Deletion
Three restriction sites and one region carrying a 9-bp

repeated sequence exhibiting length polymorphism in
several populations (see, e.g., Schurr et al. 1990; Vigilant
1990; Redd et al. 1995) were amplified from two to

three extracts from each of the mummies. These poly-
morphic positions define four clusters of related mito-
chondrial lineages that dominate the mitochondrial di-
versity in the Americas (Wallace et al. 1985; Schurr et
al. 1990; Torroni et al. 1992; Horai et al. 1993). The
amplification products were analyzed by direct sequenc-
ing and sequencing of cloned products, and, in some
cases, the presence of the deletion was analyzed solely
by agarose gel electrophoresis. The results (table 3) show
that VC15A lacks the HincII site at position 13259, the
HaeIII site at position 663, and the 9-bp deletion but
carries the AluI site at position 5176. This combination
of polymorphisms is typical of group C lineages in the
Americas (Torroni et al. 1992). The extracts of VC16
and VC25 are similar to each other in that they lack the
HaeIII site but carry the HincIl and AluI sites. However,
when amplifications of the region with the 9-bp repeat
were carried out for these extracts, some extracts
showed the deletion, whereas others, from the same indi-
viduals, did not. In addition, when the amplification
products were directly sequenced, they could be shown
to contain both deleted and nondeleted molecules (not
shown). Thus, VC16 and VC25 are heterogeneous when
mitochondrial markers outside the control region are
investigated.

Discussion

Success Rate of Amplification
The mummies from VC are macroscopically excel-

lently preserved (Cockburn and Cockburn 1980), and in
this respect are similar to, for example, many Egyptian
mummies. However, the experience from 69 bone sam-
ples, 38 soft tissue samples, and 3 teeth from Egypt (M.
Krings, unpublished results), as well as from 36 bones,
6 coproliths, and 3 soft tissue samples from animal re-
mains in the New World (Hoss et al. 1996a), shows that
only a small fraction of such remains yield amplification
products. Thus, in our experience, most archaeological
samples do not contain DNA molecules that are ampli-
fiable with current techniques. Obviously, that presents
a limitation to studies of ancient human populations.

Table 3

Restriction Site Data Collected for Various Tissue Samples of
Mummies VC15A (Two Extracts), VC16 (Two Extracts), and
VC25 (Three Extracts)

HaeIH Site HincdI Site AluI Site
(nt 663) (nt 13259) (nt 5176) 9-bp Deletion

VC15A - - +
VC16 - + + +/-
VC25 - + + +/-
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Table 4

Compilation of the Mean Pairwise Sequence Differences (Mean)
and Their SDs within the Clusters A, B, C, and D, and between
These Clusters and VC15A

WITHIN COMPARISON
CLUSTERS wiTH VC15A

SAMPLE
HAPLOGROUP SIZE Mean SD Mean SD

A 19 3.15 1.78 9.68 1.29
B 11 2.80 1.41 9.00 1.18
C 9 3.17 1.21 3.33 .87
D 10 2.82 1.50 6.50 1.18

NOTE. -Sequence data are from Torroni et al. (1993). The sequence
segment considered is between positions 16,056 and 16,370.

Potentially even more detrimental, however, are errone-
ous results in the cases where amplification products are
seen. At least four sources exist for such false-positive
results and ambiguous sequences. They are, in what we
believe to be a decreasing order of importance: first,
contamination by contemporary DNA sequences
(Handt et al. 1994a); second, PCR errors due to misin-
corporation of nucleotides (Paabo et al. 1990; Goloubi-
noff et al. 1993); third, inadvertent amplification of nu-
clear insertions of mitochondrial sequences (Collura and
Stewart 1995; van der Kuyl et al. 1995; Zischler et al.
1995); and, fourth, mtDNA heteroplasmy, which results
in the determination of ambiguous sequences (Gill et al.
1994; Bendall et al. 1995; Comas et al. 1995). Below,
we discuss the reliability of the sequences determined
from the VC remains and use these results to discuss
these four sources of erroneous, positive results.

DNA Sequence Reliability
Since a large proportion of mitochondrial sequences

indigenous to the New World fall into four clusters of
related lineages (Wallace et al. 1985; Schurr et al. 1990;
Torroni et al. 1992; Horai et al. 1993), it can be esti-
mated whether sequences determined from ancient re-
mains are likely to be of Native American origin. As
modern contaminations often stem from non-Native
American sources, it is possible to distinguish sequences
that are likely to be endogenous from those that are
likely to stem from contaminations.
When the mitochondrial control region sequence de-

termined from the two extracts of VC1SA (fig. 2) is
compared with the four sequence clusters among con-
temporary Native Americans, the mean pairwise differ-
ence to cluster C is 3.33 ± 0.87 (table 4). While this
difference is two to three times lower than the difference
to the other three clusters, it falls well within the mean
difference for sequences within cluster C (3.17 ± 1.21).
In agreement with this information, the analyses of re-

striction sites and the 9-bp deletion assign the mitochon-
drial sequence of this individual to cluster C (table 3).
In contrast, the VC1SA sequence differs by 8.3-11.4
substitutions from sequences from other areas of the
World (not shown).

For VC16, the predominant sequence present in
clones from the first extract (16111 T, 16183 C, 16189
C) shows 3.45 substitutions to cluster B sequences and
5.90-7.78 substitutions to the other clusters. Further-
more, it differs by 4.52-4.91 substitutions from Euro-
pean populations and by 9.02 substitutions from Afri-
can sequences. This information is not incompatible
with a Native American origin of this sequence. How-
ever, the clones are not unambiguous, since two addi-
tional positions carry substitutions that occur in more
than one, but not all clones. Similarly, whereas some
amplifications revealed the presence of the 9-bp deletion
typical of cluster B sequences, others failed to do so.
Finally, a second tissue sample did not allow the se-
quence to be reproduced (fig. 3). Thus, from this individ-
ual several sequences have been amplified, and it is im-
possible to determine which, if any, of them is of ancient
origin.
From individual VC25, the first extract yielded a se-

quence that differs by 4.78 substitutions from cluster C.
Contemporary cluster C sequences differ by an average
of 3.17 substitutions from each other. While the dis-
tances to European sequences are larger (6.86-7.04),
this extract did not reveal the expected loss of the HinclI
site at position 13259. Therefore, this sequence does not
clearly fall into one of the Native American clusters.
Furthermore, other extracts yielded different sequences
(fig. 4).

Because of several observations, we regard the se-
quence determined from VC1SA to be of putatively an-
cient origin. First, the cloned amplification products re-
veal one sequence to be present in all clones, with other
changes occurring only in individual clones (fig. 2). Sec-
ond, this sequence can be reproduced from a second
tissue sample (fig. 2). Third, substantial amounts of am-
plifiable molecules are present (table 2). Fourth, the
analysis of restriction sites (table 3) is compatible with
the control region sequence in assigning this mitochon-
drial lineage to Native American cluster C (table 4). In
contrast, the sequences determined from VC16 and
VC25 are neither unambiguous nor reproducible. In our
experience and that of others (Richards et al. 1995), the
latter situation is common when amplification products
from ancient human remains are analyzed in sufficient
detail. Below, we discuss four possible sources of such
ambiguous results.

Contamination
Contaminations from contemporary DNA are of two

types (Navidi et al. 1992). The first type will affect all
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amplifications to the same extent and are due to, for
example, contemporary DNA present in reagents used
in tissue extractions or PCR. These contaminants are
generally easily detected by controls, such as amplifica-
tions from mock extractions and amplifications where
no template DNA is added. Of more concern are con-
taminations of the second type, which affect individual
extractions or amplifications. They may stem, for exam-
ple, from handling of archaeological specimens prior to
sampling or from laboratory aerosols containing human
DNA or amplification products. The main way to iden-
tify this type of contamination is to repeat experiments
from two or more independent samples from each indi-
vidual studied.

In the case of VC16 and VC25, independent extracts
yielded different sequences, while extraction controls
and PCR controls were negative. Thus at least some of
these sequences must be due to contamination(s) of the
second type. Unless such contaminations are caused by
PCR products, they can be assumed to be of relatively
limited quantity. It is therefore of importance that for
VC15A, where a putatively ancient sequence could be
determined, the numbers of amplifiable template mole-
cules were about two orders of magnitude larger than
for VC16 and VC25, from which amplifications started
from -10 molecules. Therefore, the contaminations
were caused by few molecules in the latter cases. It is
likely that sporadic contaminating molecules are present
also in the extracts of VC15A. However, there they will
be outnumbered by the endogenous molecules.

Thus, a quantitation of template molecules is helpful
in determining the possible role and sources of contami-
nation in an extract. In extracts that contain large
amounts of short mitochondrial molecules and drasti-
cally fewer longer molecules, only contaminations of
short PCR products encompassing the amplified region
are likely to cause unambiguous false sequences. Conse-
quently, barring that possibility, reproducible DNA se-
quences of putatively ancient origin can generally be
determined from the short molecules (Handt et al.
1994b). Furthermore, if both mitochondrial and nuclear
sequences are amplified (Beraud-Colomb et al. 1995), a
quantitation of both will reveal whether the mtDNA, as
expected, occurs in larger amounts. If that is not the
case, one or the other, or both, is likely to represent a
contamination.

PCR Errors
If direct sequencing reactions result in unambiguous

sequences, or if multiple clones are sequenced and found
to have the same sequence, it is generally assumed that
PCR errors are not responsible for the substitutions seen
(Paabo and Wilson 1988). However, ancient DNA is
often extensively damaged (Paabo 1989; Hoss et al.
1996b) and may contain base modifications that are

miscoding. If amplifications start from few or even single
DNA strands carrying miscoding lesions, all molecules
in the resulting amplification product will carry an incor-
rect base. Furthermore, in amplifications that start from
few initial template molecules, errors occurring during
the first cycles of the PCR will be present in a large
proportion of the final products. Therefore, a quantita-
tion of the numbers of template molecules from which
the PCR reactions starts are of importance in order to
rule out that nucleotide misincorporations during the
early cycles of the PCR may cause incorrect sequences.

In the case of VC15A, amplifications of length 103
bp start from -2,000 copies. Therefore, in this case,
there is no reason to assume that errors during the early
cycles of the PCR at any one position would influence
a large proportion of the molecules in the final amplifi-
cation product. In agreement with this reasoning, all
substitutions observed among the 34 clones sequenced
either are present in all clones and are thus assumed to be
present in the original template DNA, or, alternatively,
occur in only one clone and are likely due to misincorpo-
rations during the PCR. In contrast, for VC16 and
VC25, amplifications start from <40 template mole-
cules. In both cases, several substitutions are observed
in more than one but not all template molecules. While
these results could be due to heteroplasmy (see below),
the fact that the amplification starts from so few mole-
cules makes contamination -or, alternatively, misincor-
porations during the early cycles of PCR-a much like-
lier source of these substitutions.
To distinguish the two possibilities of contamination

and misincorporation, it is instructive to compare the
distribution across the sequence of substitutions that
occur in single clones, which are likely to be due to
polymerase errors, to the distribution of those that occur
in multiple but not all clones. Among the 123 different
clones sequenced, 41 substitutions are observed in single
clones. Of these, 56% (23) fall at positions that are
variable among 807 human mitochondrial control re-
gion sequences from various populations (not shown).
Since 43% of the positions (167 of 387) in the sequence
are variable, this proportion is in agreement with the
assumption that these substitutions are distributed ran-
domly and are caused by polymerase errors. In contrast,
90% of substitutions (26 of 29) observed in more than
one but not all clones fall at variable positions. Thus,
the majority of these substitutions are likely due to con-
tamination of the specimens and/or laboratory reagents
with contemporary human DNA.

Nuclear mtDNA Insertions
Recently, nuclear insertions of mtDNA have been

identified as a source of purportedly ancient sequences
(Collura and Stewart 1995; van der Kuyl et al. 1995;
Zischler et al. 1995), and it has been demonstrated that
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such sequences are numerous within the nuclear genome
(Zullo et al. 1991). However, since such sequences are
less numerous than the mitochondrial genomes in the
cell, they will, in general, not represent a problem. An
exception is if a nuclear sequence will be amplified pref-
erentially over the mitochondrial copies. Although the
primers used in amplifications of human mtDNA are
generally chosen such that they bind to areas of little or
no sequence variation, the high sequence diversity of,
for example, the mitochondrial control region makes it
possible that a primer might be affected by a substitution
close to its 3' end in a particular individual. In such a
case, a nuclear insertion that does not carry this substitu-
tion might be amplified preferentially. Since such a prob-
lem will be limited to a particular primer, it can be
detected or excluded by the use of different primer pairs
that amplify partially overlapping sequences. For exam-
ple, in VC1SA, substitutions at positions 16291 and
16298 occur in two different amplification products.
They are therefore unlikely to stem from a nuclear inser-
tion. Furthermore, if quantitations are performed for all
amplifications, a single segment that would stem from
a nuclear insertion would be detected by its relatively
lower abundance. Novel techniques that allow the quan-
titation of template molecules without the use of internal
standards might make this objective feasible in the near
future.

Heteroplasmy
An additional source of heterogeneity in mitochon-

drial sequences determined from amplification products
is heteroplasmy, that is, the occurrence of more than
one mitochondrial type within an individual. In humans,
this occurrence is extremely rare, even if its rate might
be somewhat underestimated (Comas et al. 1995). For
example, in the case of the remains of the last tsar,
sequence heterogeneity in the amplification product has
been attributed to heteroplasmy (Gill et al. 1994), and
this attribution has been verified by the analysis of re-
mains of related individuals (Ivanov et al. 1996). How-
ever, heteroplasmy as a cause for sequence heterogeneity
in ancient remains should only be considered after con-
tamination and PCR errors have been excluded.

Conclusion

The results presented above are in our experience typi-
cal when amplifications are performed from ancient hu-
man remains. They demonstrate that greater experimen-
tal efforts than are generally made are necessary to
demonstrate the authenticity of amplification products
from such sources. Specifically, the reproduction of an-
cient human DNA sequences is necessary from at least
two independent extracts, preferably performed in dif-
ferent laboratories. Furthermore, the cloning of ampli-

fication products is necessary whenever any sign of se-
quence heterogeneity occurs in direct sequence
reactions. Finally, when a quantitation of the number
of amplifiable DNA molecules shows that an extract
containing few template molecules, sporadic contamina-
tion, or PCR errors may contribute a substantial frac-
tion, or all, of the final amplification product. A mini-
mum of 100-1,000 molecules per amplification may be
necessary to obviate such problems.
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